Genetic resources for the model plant Arabidopsis comprise mutant lines defective in almost any single gene 2 in reference accession Columbia. However, gene redundancy and/or close linkage often render it extremely 3 laborious or even impossible to isolate a desired line lacking a specific function or set of genes from 4 segregating populations. Therefore, we here evaluated strategies and efficiencies for the inactivation of 5 multiple genes by Cas9-based nucleases and multiplexing. In first attempts, we succeeded in isolating a 6 mutant line carrying a 70 kb deletion, which occurred at a frequency of ~1.6% in the T 2 generation, through 7 PCR-based screening of numerous individuals. However, we failed to isolate a line lacking Lhcb1 genes, 8 which are present in five copies organized at two loci in the Arabidopsis genome. To improve efficiency of 9 our Cas9-based nuclease system, regulatory sequences controlling Cas9 expression levels and timing were 10 systematically compared. Indeed, use of DD45 and RPS5a promoters improved efficiency of our genome 11 editing system by approximately 25-30-fold in comparison to the previous ubiquitin promoter. Using an 12 optimized genome editing system with RPS5a promoter-driven Cas9, putatively quintuple mutant lines 13 lacking detectable amounts of Lhcb1 protein represented approximately 30% of T 1 transformants. These 14 results show how improved genome editing systems facilitate the isolation of complex mutant alleles, 15 previously considered impossible to generate, at high frequency even in a single (T 1 ) generation. 16
efficiencies are often comparably low, and severely vary between different studies. In the Arabidopsis 49 system, transformation does not depend on somatic embryogenesis, as T-DNAs are directly delivered to 50 female ovules during floral dip transformation (Ye et al., 1999; Desfeux et al., 2000) . Accordingly, T-DNA-51 encoded SSNs are subsequently expressed (or not) in different cell types of the developing embryo, and 52 expression levels and timing will be decisive for efficiency and germ line entry of genome modifications. 53
Indeed, exceptionally high genome editing efficiencies were reported when RPS5a or DD45 promoters (or 54 derivatives) were used for Cas9 expression (Wang et al., 2015; Mao et al., 2016; Tsutsui and Higashiyama, 55 2017 ). These effects were mainly attributed to activity of these promoters in early embryogenesis. However, 56 the cross-study comparison of genome editing efficiencies is of limited validity, as differences between 57 constructs go beyond the use of a particular promoter. Especially the sgRNA/target site represents a major 58 variable affecting genome editing efficiency, and also further differences between vectors may have 59 profound and unexpected consequences. 60
Here, we systematically compared regulatory elements in order to determine improved Cas9 expression 61 systems for Arabidopsis genome editing. While a previously used ubiquitin promoter-driven Cas9 produced 62 mutants in the T 2 generation and at moderate frequencies only, optimized expression systems were highly 63 efficient in the T 1 generation. Indeed, this enabled us to isolate a putative quintuple mutant lacking 64 detectable amounts of Lhcb1 protein in a single generation and at high frequencies, while we had failed to Page | 4 isolate this mutant line prior to system optimization. This shall guide further optimization of Arabidopsis 66 genome editing systems, and also researchers in their future choice of system. 
Results

149
Generation of complex alleles with ubiquitin promoter-driven Cas9 in Arabidopsis 150
We had previously developed a Golden Gate cloning-based toolkit for highly multiplexed genome editing in 151 dicotyledonous plants (Ordon et al., 2017). In this system, expression of sgRNAs is driven by the Arabidopsis 152 U6-26 promoter, and several different promoters were provided for Cas9 expression. Using ubiquitin 153 promoter-driven Cas9 (pPcUbi4-2, from parsley), a 120 kb deletion encompassing the DM2 cluster of 154
Resistance genes in accession Landsberg erecta (Ler) was previously generated (Ordon et al., 2017). The 155 respective Δdm2 deletion allele could be phenotypically selected, and occurred at low frequencies only (~ 156 0.5%) among T 2 individuals. To evaluate strategies for and feasibility of generating large deletion alleles not 157 linked to a phenotype, we attempted deletion of ~ 70 kb within the DM2 Ler cluster containing all genes of the 158 cluster except DM2h (Fig. 1a ). The DM2 Ler cluster encodes 7-8 complete or truncated Resistance genes 159 deconvoluted, and single plants screened (Fig. 1c ). For some pools, only a weak signal corresponding to the 179 deletion allele was detected among single plants (pool #8 in Fig. 1c ), but most pools contained 1-2 plants 180 positive for the deletion allele (pool #89 in Fig. 1c ). T 3 seeds were obtained for these single plants, and PCR-181 screened for segregation of the Δdm2a-g allele and Cas9. From analysis of 96 T 3 plants, several lines 182 homozygous for the Δdm2a-g allele (absence of DM2c, boxed lanes in Fig. 1d ) could be isolated, but all still 183 contained the genome editing transgene, as detected by presence of Cas9. Outcrossing of the Cas9 construct 184 is most likely not required for most experimental settings. However, sequencing of the Δdm2a-g deletion 185 allele in one of the isolated homozygous lines revealed that it still contained an intact sgRNA target site ( Fig.  186 1e), suggesting it might not be fully stable in subsequent generations. Summarizing, PCR-based isolation of 187 large deletion alleles is feasible with the used genome editing system (containing pPcUbi-driven Cas9), but 188 deletions occur at low frequency, and isolation requires extensive screening. the GUS reading frame, which can be restored by RGN-mediated cleavage and repair through the NHEJ 217 pathway (Online Resource 1). Transient co-expression of reporter constructs and corresponding nucleases in 218 N. benth. faithfully restored GUS activity, and reporter/nuclease combinations showed variable GUS 219 activities potentially reflecting sgRNA efficacy (Online Resource 1). Nine minimalistic nuclease constructs 220 containing only the sgRNA transcriptional unit and 35S promoter-driven Cas9 with different transcriptional 221 terminators were quantitatively compared for genome editing efficiency ( Fig. 2a ). Across multiple biological 222 replicates, no significant and reproducible differences were measured ( Fig. 2b ). However, high genome 223 editing efficiencies were obtained in all replicates when using the rbcS E9 terminator. This corroborates the 224 previous notion that the rbcS E9 terminator is well-suited for Cas9 expression even when combined with 225 hCas9 (human codon-optimized), in contrast to previously used zCas9 (Zea mays codon-optimized; Wang et 226 al., 2015) . Furthermore, this is in line with potential masking of the beneficial effects of this terminator by 227 expression of Cas9 by strong constitutive promoters (Wang et al., 2015) . Since no other terminator out-228 competed rbcS E9, this was used for further experiments. 229
Next, different promoters were tested for their effect on genome editing efficiency. As far as we are aware, several independent experiments and with different sgRNAs in Arabidopsis. This shall act as a cautionary 251 note for use of the FAST marker in novel assemblies, and exemplifies the synthetic biology crux that a 252 system's performance is not simply the sum of its components. With the novel vector architecture, 253 transgenic plants could conveniently be selected by herbicide resistance in the T 1 generation (Fig. 3b) , and 254 also the FAST marker was functional for selection/counter-selection in T 1 and T 2 generations (Fig. 3c) constructs at high frequencies averaging to 33 and 24%, respectively (Fig. 3e ). Up to 70% of rescued plants 276
were observed in some T 2 populations, but all still contained necrotic plants, confirming that no homozygous 277 mutants were obtained in the T 1 generation in our experiments. The differences between RPS5a and DD45 278 promoters observed in our comparison were not statistically significant. Summarizing, our promoter 279 comparison clearly points out superior performance of the RPS5a and DD45 promoters for Arabidopsis 280 genome editing. It should be noted that performance of pDD45 should be further enhanced by use of the 281 derived "EC1.2-EC1.1 fusion promoter", which was not tested here (Wang et al., 2015) . 282
High frequency generation of quintuple mutants in T 1 generation with improved Cas9 expression system 285
Having identified regulatory elements suitable for high efficiency Arabidopsis genome editing, the 286 generation of an lhcb1 mutant line was reattempted. A genome editing construct similar to that shown in 287 Fig. 3a , but containing pRPS5a-driven Cas9, a Hygromycin resistance marker cassette (pnos:hpt-tnos; instead 288 of pnos:Bar-tnos) and the same eight sgRNAs previously used (Fig. 1f) somatic events (chimeric mutants), or also from low specificity of oligonucleotides due to high homology 307
within Lhcb1 genes. Analysis of transgene-free T 2 individuals will be required to reveal the precise molecular 308 lesions in putative lhcb1 lines, and this analysis is yet ongoing. Nonetheless, these results suggest that the 309 improved Cas9 expression system not only enhances overall genome editing frequencies, but even allows 310 the isolation of complex alleles, in this case a quintuple mutant, in a single step in the T 1 generation. 311 application of SSNs as reverse genetics tools theoretically alleviated these limitations, but commonly 320 suffered from low efficiency in first reports. Here, by using an optimized Cas9-based genome editing system 321 with high multiplexing capacity, we show that complex alleles such as higher order (quintuple) mutants may 322 be generated with high efficiency even in a single generation (T 1 ). This demonstrates how SSNs can, through 323 current and future optimization steps, match the increasingly complex demands and requirements of basic The expression of Cas9 under control of the DD45 or RPS5a promoters improved genome editing efficiencies 333 at the DM2h locus approximately 25-fold in comparison to ubiquitin, AP1 and ICU2 promoters (Fig. 3) . 334
Nonetheless, we were successful in isolating a 70 kb deletion allele produced by the previous, non-optimized 335 system containing ubiquitin promoter-controlled Cas9 (Fig. 1) . This validates the used strategy of PCR-336 screening large numbers of pooled T 2 individuals and may act as guidance for future isolation of deletion 337 alleles for functional interrogation of gene clusters or non-coding regions. However, this strategy is obviously 338 hampered by lacking controls for functionality of the conducted PCR prior to detection of the desired 339 deletion allele. Interestingly, we estimated the occurrence of the 70 kb deletion allele to approximately 1.6% 340 of T 2 individuals, but detected editing at the DM2h locus (in promoter comparison experiments, Fig. 3 ) 341 among only 1% of T 2 individuals under similar Cas9 expression conditions. Our previous data suggested that 342 point mutations were the most frequent type of Cas9-induced alleles in Arabidopsis, and that the frequency 343 of deletion alleles (between sgRNA target sites in multiplexing applications) was inversely correlated with 344 deletion size, as also reported in at least some studies from animal systems (Canver et al., 2014; Ordon et al., 345 2017). Taken together, this suggests poor efficiency of the sgRNAs used for DM2h editing, which may also 346 explain failure to isolate hetero-or homozygous dm2h mutants in the T 1 generation when using DD45 or 347
RPS5a promoters. Indeed, mutations in the T 1 generation were also rare when the GLABRA2 locus was 348 targeted with DD45-driven Cas9 (Mao et al., 2016) , supporting that recovery of T 1 -edited plants might 349 strongly depend on sgRNAs and/or target sites. Notably, all of the Δdm2a-g deletion alleles detected by PCR screening and further analyzed were heritable, and segregated at Mendelian ratios in respective T 3 351 generations ( Fig. 1d ), suggesting that detection of somatic genome editing events is not a major issue for 352 isolation of deletions at least under the used conditions. 353
An optimal genome editing system for reverse genetics in Arabidopsis will produce homozygous mutants at 354 near 100% efficiency in the T 1 generation at any given locus. Although the optimization of Cas9 expression 355 conditions tremendously improved efficiencies, further modifications are required to obtain this goal. In 356 respect to Cas9 regulatory sequences, we here focused on previously reported elements, and it is well 357
conceivable that yet uncharacterized promoters and/or transcriptional terminators might further improve 358 genome editing efficiencies. However, also all remaining components may be further optimized, and 359 additional functionalities implemented into T-DNA constructs. To this end, e.g. nuclear import of Cas9 might 360 be enhanced by different or additional nuclear localization signals, or its expression improved by codon 361 optimization or addition of introns. Furthermore, especially sgRNA expression levels appear to have a major 362 influence on a system's performance. To date, sgRNAs were mainly expressed directly from Polymerase III 363 (Pol III)-transcribed U3/U6 promoters. Additionally, sgRNAs were expressed as polycistronic transcripts from 364
Polymerase II (Pol II) 
∆ 70.7 kb 
